Abstract. The present study investigated the effect of the combretastatin A-4 analogue CPU-XT-008 on the proliferation, apoptosis and expression of vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (FGF-2) in human umbilical vein endothelial cells (HUVECs). The proliferation capacity of HUVECs was analyzed with a cell viability assay, while their apoptosis and migration abilities were evaluated via flow cytometry and monolayer denudation assay, respectively. The mRNA and protein expression levels of VEGF and FGF-2 in these cells were determined by reverse transcription-polymerase chain reaction, and cell-based ELISA, western blotting and immunocytochemistry, respectively. The results demonstrated that CPU-XT-008 inhibited proliferation and migration, and induced apoptosis in HUVECs in a dose-dependent manner. In addition, CPU-XT-008 downregulated the mRNA and protein expression levels of VEGF and FGF-2 in these cells. These findings suggest that CPU-XT-008 exerts anti-angiogenic effects in HUVECs, which may explain the inhibition of cell proliferation and migration, induction of apoptosis, and reduction in the mRNA and protein expression levels of VEGF and FGF-2 observed in the present study.
Introduction
Cancer, one of the leading causes of mortality in the world, is induced by a plethora of external and internal factors (1) . Accordingly, various types of therapeutic strategies against cancer have been investigated (2) . One of these therapeutic strategies involves the use of vascular disrupting agents, the action of which may be due to their ability to prevent the formation of blood vessels (anti-angiogenic agents) or to promote the destruction of existing blood vessels (anti-vascular agents) (3) .
A functional network of blood vessels is crucial for the growth, development and metastasis of solid tumors (4) . While small tumors (<2 mm) receive oxygen and nutrients from the surrounding tissue by diffusion processes, larger tumors must develop an angiogenic phenotype to ensure their own supply of oxygen and nutrients (5) . Tumor angiogenesis involves several steps, including proliferation of endothelial cells, proteolysis of the extracellular matrix, and migration of endothelial cells, which lead to the formation of tumor blood vessels (4) . Endothelial cells are desirable targets for cancer therapies due to their accessibility and genetic stability. In addition, unlike tumor cells, endothelial cells do not readily acquire drug resistance (6, 7) . Therefore, new born calf serum (NBCS)-induced human umbilical vein endothelial cells (HUVECs) were selected as tumor cell model in the present study.
Tumor angiogenesis is a complex process, and involves the tight interplay of numerous factors (8) . Vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (FGF-2) are key regulators of angiogenesis, since they promote the survival, proliferation and migration of endothelial cells, while increasing vascular permeability (9) . Overexpression of VEGF and FGF-2 has been reported to occur in various types of tumors (10) . Thus, VEGF and FGF-2 have become key target molecules in cancer therapy (11) .
Combretastatin A-4 (CA-4) is as an effective anti-vascular agent that was originally isolated in the late 1980s from the bark of the African bush willow tree Combretum caffrum (12) . In our unpublished preliminary studies, we aimed to overcome the poor water solubility and bioavailability of CA-4, the amino sugar structure 1-glucosamine was coupled with CA-4, which resulted in a series of novel CA-4 derivatives containing an amino sugar. These CA-4 derivatives were capable of simulating the function of heparin, which is used to regulate vascular factors such as VEGF and FGF-2 (13) . In addition, the aforementioned CA-4 derivatives also displayed molecular recognition and biocompatibility properties (14) . Among these novel CA-4 derivatives, the compound termed CPU-XT-008 was identified to be the most active of the series, in our preliminary studies. Thus, the present study hypothesized that CPU-XT-008 may be able to inhibit the proliferation and migration of HUVECs, and stimulate apoptosis in these cells. The effects of CPU-XT-008 on the messenger (m)RNA and protein levels of VEGF and FGF-2 were examined in the present study. The results obtained may aid to determining the exact anti-vascular mechanism of CPU-XT-008.
Materials and methods
Reagents and cell culture. CPU-XT-008 was provided by the Medicinal Chemistry Department of China Pharmaceutical University (Nanjing, China Cell proliferation assay. The growth of HUVECs was determined by the ability of the living cells to reduce the yellow MTT dye to a purple formazan product. For the assay, HUVECs were detached, seeded at a concentration of 2x10 4 cells/well in 96-well plates, and allowed to adhere overnight. CPU-XT-008 was then added to each well, and the cells were incubated for additional 24 h. Next, 20 µl MTT (5 mg/ml) was added to each well, and 4 h later the formazan product was dissolved in 150 µl DMSO. The absorbance of the solution was subsequently measured by iMark™ Microplate Absorbance Reader (Bio-Rad, Hercules, CA, USA). Cell growth was expressed as the absorbance of the reduced dye at 570 nm. Each assay was performed ≥ three times, using a matrix of 12 replicate wells per each concentration of drug tested. Cell wounding. A monolayer denudation assay was used to study cell migration. For the experiment, HUVECs were grown to confluency in 6-well plates, and then starved for 12 h in serum-free medium in order to achieve cell synchronization. A sterile microtip was then used to create a clean wound through the monolayer, by debriding the cells at an angle of ~30 degrees. Next, the plates were washed with fresh medium to remove the debrided cells. The adherent cells were then exposed to different concentrations of CPU-XT-008, and allowed to proliferate and migrate in the medium. The wound was assessed at 0 and 24 h with an Eclipse TS100 microscope (Nikon Corporation, Tokyo, Japan) at 40x magnification, and representative images of three independent experiments were captured. The width of the wound was measured in four random areas, and compared with the initial width.
Cell-based enzyme-linked immunosorbent assay (ELISA).
A cell-based ELISA was used to determine the induction time at which the NBCS-induced expression levels of VEGF and FGF-2 were maximum. For the experiment, HUVECs were seeded at a concentration of 2x10 4 cells/well in 96-well plates, and allowed to adhere overnight. Cells were starved for cell synchronization purposes by incubation in serum-free medium for 12 h, followed by incubation in DMEM with 10% NBCS. Cell-based ELISAs were performed at 0, 2, 4, 6, 8, 10, 12 and 24 h. At the indicated time points, the cells were fixed with 4% paraformaldehyde (pH 7.4) for 20 min at room temperature, and then washed 3 times with PBS containing 0.3% (v/v) Triton X-100 at room temperature, each time for 5 min. Endogenous peroxidase activity was inactivated with 0.6% hydrogen peroxide for 20 min at room temperature. Cells were then washed 3 times for 5 min, as above, and incubated for 1 h in the aforementioned PBS-Triton X-100 solution, to which 10% (w/v) bovine serum albumin (BSA; 1 g BSA in 10 ml PBS/Triton X-100) was added. Primary monoclonal antibodies against VEGF and FGF-2 were then applied to the cells at a 1:200 dilution, and incubated at 4˚C overnight. Upon washing, 50 µl HRP-conjugated goat anti-rabbit immunoglobulin G (dilution, 1:1,000) was added to the plates, and incubated for 1 h at 37˚C. Next, the plates were washed, prior to the addition of TMB. Following 10-15 min incubation at room temperature, the reaction was stopped by adding 50 µl H 2 SO 4 (2 mol/l), and the absorbance was subsequently read at 450 nm.
To adjust the results according to the cell density in each well, the cells were stained with crystal violet. For this purpose, the plates were washed and heat-dried, followed by 30-min incubation at room temperature with 100 µl crystal violet. The plates were then washed with double distilled water, and 100 µl of 1% sodium dodecyl sulfate (SDS) was added to each well. Following 1-h incubation at room temperature with agitation, the absorbance was read at 595 nm, and the results were expressed by normalizing the values to the cell density (A 450 /A 595 ).
Western blot analysis. HUVECs were incubated with different concentrations of CPU-XT-008 for 24 h, and subsequently collected, centrifuged, and washed two times with ice-cold PBS. In order to lyse the cells, the cell pellet was then resuspended in lysis buffer containing protease inhibitors (0.5% NP-40, 0.25% sodium deoxycholate, 0.05% SDS, 150 mM NaCl, 50 mM HEPES, pH 7.4), and incubated on ice for 30 min. Next, the cell lysates were centrifuged at 12,000 x rpm at 4˚C for 10 min, and the supernatants were collected. The protein concentration in the supernatants was determined with BCA Protein Assay Kit (Thermo Fisher Scientific, Inc.). The cell lysates were then mixed with sample buffer (cat no. C516031; dilution 1:4; Sangon Biotech, Shanghai, China), and heated for 5 min at 95˚C. Proteins (50 µg/lane) were resolved by SDS-polyacrylamide gel electrophoresis in 12% acrylamide gels, prior to be transferred to polyvinylidene fluoride membranes (Merck Millipore, Darmstadt, Germany). The membranes were blocked with skimmed milk for 2 h at room temperature, followed by overnight incubation at 4˚C with rabbit anti-human polyclonal antibodies against VEGF, FGF-2 and β-actin (dilution, 1:400). The membranes were then washed 10 min with 3 times in 1X Tris-buffered saline (TBS; pH 7.4) with 0.05% Tween-20, and incubated with HRP-conjugated secondary antibodies (dilution, 1:5,000) for 1 h, prior to be visualized with ECL Advance Detection Kit. The protein expression levels of VEGF and FGF-2 were quantified by densitometry, and normalized against the protein expression levels of β-actin, using NIH ImageJ 1.38 software (National Institutes of Health, Bethesda, MD, USA).
Reverse transcription (RT)-polymerase chain reaction (PCR)
analysis. HUVECs at 80-90% confluence were collected following serum starvation for 12 h, and incubated with different concentrations of CPU-XT-008 for 24 h. The cells were then collected, and the total RNA content was isolated from these cells using TRIzol (Thermo Fisher Scientific, Inc.), trichloromethane and isopropanol (Nanjing Chemical Reagent, Nanjing, China), according to the manufacturer's protocol. Overall, 2 µl of total RNA (~1 µg/µl) was converted to first-strand complementary (c)DNA using RevertAid First Strand cDNA Synthesis Kit. Semi-quantitative PCR was performed in a total volume of 25 µl in the presence of Taq Master Mix Loading Dye (Generay Biotech Co., Ltd., Shanghai, China) on a PCR System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The PCR products were analyzed by electrophoresis on 1.5% agarose gels (cat no. G-10; Biowest, Kansas City, MO, USA), and visualized under ultraviolet transillumination with Tanon 1600 Gel Imaging System (Tanon Science and Technology Co., Ltd., Shanghai, China). The sequences of the primers used in RT-PCR are listed in Table Ⅰ . The PCR conditions were as follows: i) For amplification of VEGF, the cycling parameters selected were 94˚C for 30 sec, 58˚C for 1 min, and 72˚C for 110 sec; ii) for FGF-2, the parameters were 94˚C for 30 sec, 58˚C for 50 sec, and 72˚C for 50 sec; and iii) for glyceraldehyde 3-phosphate dehydrogenase (GAPDH), the parameters were 94˚C for 30 sec, 58˚C for 50 sec, and 72˚C for 50 sec. The expression levels of GAPDH were used to monitor the integrity of the RNA in the samples and to normalize the results, since the quantity of RNA in each sample may vary slightly, depending on the accuracy of loading. Immunocytochemistry. HUVECs were subjected to immunocytochemical analysis in order to identify the cellular localization of VEGF and FGF-2. In this procedure, cells were grown on coverslips, and fixed with 4% paraformaldehyde. Endogenous peroxidase activity was inactivated by incubation with 0.6% hydrogen peroxide (30% H2O2 in PBS) for 15 min at room temperature. Nonspecific binding was blocked by incubation with 10% BSA in TBS-Tween 20 at 4˚C for 1 h. Cells were then washed 3 times for 5 min, prior to be incubated overnight at 4˚C with primary monoclonal antibodies against VEGF and FGF-2 (dilution, 1:200 in PBS containing 5% BSA). Following three washes with PBS, a biotin-labelled secondary antibody (dilution, 1:1,000 in PBS containing 5% BSA) was applied for 30 min, prior to the addition of streptavidin, in order to form the streptavidin-biotin complex. Next, DAB was used to visualize the final products of the immunoreaction. Immunoreactivity for VEGF and FGF-2 was counted in five randomly selected fields. The results were classified as negative ( Statistical analysis. The results were expressed as the mean ± standard deviation of three independent experiments. Data were analyzed by comparison with the control group via the Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

Inhibition of HUVEC proliferation by CPU-XT-008.
The HUVEC line is frequently used as a model to study the function of endothelial cells in tumor angiogenesis. To quantify HUVEC proliferation, an MTT assay was performed. As depicted in Fig. 1 , once the NBCS-induced HUVEC proliferation model had been established, the cells were treated with different concentrations of CPU-XT-008 for 24 h, prior to be subjected to MTT assay. The proliferative activity of HUVECs was significantly reduced by CPU-XT-008, compared with the control group. Cells exposed to 0.01, 0.10, 1.00 and 10.0 µmol/l CPU-XT-008 exhibited a percentage of inhibition of 35.5, 37.1, 49.2 and 54.8%, respectively, in their proliferative ability. Thus, CPU-XT-008 inhibited the proliferation of HUVECs in a dose-dependent manner. 
CPU-XT-008 inhibited HUVEC migration.
The anti-migration properties of CPU-XT-008 were studied in a wound-healing assay using HUVECs. The size of the wound was inspected microscopically over time to monitor the healing of the wound by the migration of the cells. As observed in Fig. 3A , the wound completely healed within 24 h in the control group, due to cell migration, whereas this process was inhibited in the group treated with CPU-XT-008. Fig. 3B represents the percentage of inhibition of cell migration exhibited by HUVECs (42.08, 14.59, 9.58 and 6.25%) upon 24-h treatment with 0.01, 0.10, 1.00 and 10.0 µmol/l CPU-XT-008, respectively. These results demonstrate that CPU-XT-008 inhibited HUVEC migration in a dose-dependent manner, similarly to the effect exerted by this compound on HUVEC proliferation.
Determination of time for maximal NCBS-induced expression of VEGF and FGF-2.
A cell-based ELISA was used to determine the time at which the NCBS-induced expression levels of VEGF and FGF-2 were maximum. As presented in Fig. 4 , 10% NBCS induced expression of VEGF and FGF-2 in HUVECs upon 0, 2, 4, 6, 8, 10, 12 and 24-h incubation. The protein expression levels of VEGF and FGF-2 increased following exposure to NBCS in a time-dependent manner, reaching their maximal values at 6-h. At this point, the maximum protein expression levels of VEGF and FGF-2 were 1.25 and 1.21-fold higher, respectively, in NBCS-stimulated HUVECs than in non-NBCS-stimulated cells. The protein expression levels of VEGF and FGF-2 gradually reduced to the initial levels with increasing times of exposure to NBCS. The incubation times at which these proteins displayed their maximum expression levels were used as induction times in the subsequent western blotting and immunocytochemistry experiments.
CPU-XT-008 reduced the protein expression levels of VEGF and FGF-2 in HUVECs.
To investigate whether CPU-XT-008 was able to inhibit the protein expression of VEGF and FGF-2 in HUVECs, the cells were incubated for 24 h with increasing concentrations of CPU-XT-008, and the protein expression levels of VEGF and FGF-2 were determined by western blotting. The results are presented in Fig. 5 . The protein expression levels of VEGF and FGF-2 in the control group were equated to 100%, and used for normalization of the results. The treatment with CPU-XT-008 inhibited the protein expression of VEGF and FGF-2 in HUVECs. The percentage of inhibition for VEGF and FGF-2 was 19.1, 33.0, 43.6 and 72.3%, and 10.6, 42.6, 51.1 and 70.2%, respectively, when the cells were subjected to 0.01, 0.10, 1.00 and 10.00 µmol/l CPU-XT-008.
CPU-XT-008 reduced the mRNA expression levels of VEGF and FGF-2 in HUVECs.
To determine whether CPU-XT-008 was able to regulate protein production at the transcriptional level, the expressions of two different isoforms of VEGF-A (VEGF165 and VEGF121) and FGF-2 were analyzed by RT-PCR. The results obtained were normalized by equating the mRNA levels measured for the control group to 100%. As presented in Fig. 6 , the treatment of HUVECs with CPU-XT-008 reduced the mRNA expression levels of both VEGF-A isoforms and FGF-2, compared with the untreated control group. Upon exposure of HUVECs to 0.01, 0.10, 1.00 and 10.0 µmol/l CPU-XT-008, the percentage of inhibition of mRNA expression was 8.5, 38.1, 56.5 and 64.4% for VEGF, and 9.6, 25.9, 45.0 and 56.1% for FGF-2, respectively.
Immunocytochemistry analysis of VEGF and FGF-2 expression in HUVECs.
Immunocytochemistry was used to localize the intracellular expression of VEGF and FGF-2 in HUVECs subjected to treatment with CPU-XT-008. The protein expression levels of VEGF and FGF-2 are presented in Fig. 7A and B, respectively. Positive signal was defined as the presence of brown-yellow particles in the cytoplasm. The , respectively, compared with the control group. These results suggested that the protein expression of VEGF and FGF-2 in HUVECs was inhibited by CPU-XT-008 in a dose-dependent manner.
Discussion
Due to the solubility and bioavailability limitations of CA-4, research on CA-4 derivatives for cancer anti-angiogenic therapy has become a topic of interest in recent years (15) .
However, a limited numbers of CA-4 derivatives, including the water-soluble prodrug CA-4 disodium salt and AVE8062 (Sanofi S.A., Paris, France), have progressed through to phase III clinical trials (16) . The latter compound has been reported to currently be in phase III evaluation (clinical trial no. NCT00699517) for the treatment of advanced-stage soft tissue sarcoma, following the failure of anthracycline and ifosfamide chemotherapies (17) .
Heparin is an endogenous multi-target macromolecule capable of regulating the activity of angiogenic factors (18) . The amino sugar-containing main fragment of heparin simulates the heparin molecular structure, and is expected to inhibit the growth of blood vessels (19) . Therefore, the Medicinal Chemistry Department of China Pharmaceutical University previously designed and synthesized a series of small molecule N-glycosylation amide class CA-4 analogues, from which CPU-XT-008 was identified as the most active compound. 
A B
Endothelial cells present in tumors participate in the formation of blood vessels, and the 'switch' to an angiogenic phenotype is a hallmark of tumor malignancy (20) . The angiogenic process involves multiple steps, including matrix degradation, migration, proliferation and differentiation into a tube-like structure (21) . The present study has demonstrated that CPU-XT-008 significantly inhibits the proliferation of HUVECs in a dose-dependent manner. In addition, the mechanism by which this compound induced the death of proliferating endothelial cells was also investigated in the present study. The results indicated that 0.01 µmol/l CPU-XT-008 significantly stimulated HUVEC apoptosis. Therefore, CPU-XT-008 may be an important target for cancer anti-vascular therapy. Previous studies have suggested that the cytotoxicity induced by CA-4 is due to its ability to bind to the colchicine-binding site on tubulin (22) . Furthermore, previous studies have reported that CA-4 inhibits the polymerization of tubulin, arrests cancer cells in the G 2 /M phase of the cell cycle and induces caspase-dependent apoptosis in human leukaemia cells (23) . Thus, CA-4 exhibits promising anticancer therapeutic potential.
Concomitant with the inhibition of cell proliferation, a significant inhibitory effect of CPU-XT-008 on HUVEC migration was demonstrated in the wound-healing assay conducted in the present study. The results indicated that CPU-XT-008 inhibited proliferation and migration, and induced apoptosis in endothelial cells. Therapeutically, these mechanisms must be overcome, since they are considered to be involved in the prevention of tumor re-growth during the chronic dosing schedules employed in clinical trials (24).
To explore a possible mechanism for the anti-angiogenic properties of CPU-XT-008, the effects of this compound on the protein expression levels of VEGF and FGF-2 in HUVECs were investigated in the present study. The results suggested that CPU-XT-008 may indirectly influence angiogenesis, since 0.01 µmol/l CPU-XT-008 was observed to significantly reduce the protein expression levels of VEGF and FGF-2 by 19.1 and 10.6%, respectively. In addition to its angiogenic activity, VEGF is also able to protect endothelial cells from apoptosis by stimulating the activation of survival pathways such as the phosphoinositol-3-kinase signaling pathway, and the upregulation of anti-apoptotic proteins, including B-cell lymphoma 2 and, in particular, survivin, which is an important microtubule-binding agent that inhibits apoptosis and regulates the mitotic spindle in endothelial cells (25, 26) . FGF-2 is a basic protein that promotes mitosis and angiogenesis (27) . When FGF-2 binds to specific receptors, cell metabolism is enhanced by the activation of intracellular tyrosine kinases in the target cell (28) . Additionally, FGF-2 is also involved in the formation of tumor blood vessels (27) . In the present study, CPU-XT-008 inhibited the mRNA and protein expression of VEGF and FGF-2, suggesting that CPU-XT-008 controls the production of VEGF and FGF-2 at the transcriptional level.
In conclusion, the results of the present study revealed that CPU-XT-008 efficiently inhibited proliferation and migration, and induced apoptosis of HUVECs, in a dose-dependent manner. In addition, CPU-XT-008 also reduced the protein expression levels of VEGF and FGF-2, potentially by reducing their mRNA levels at the transcriptional stage. Overall, these results suggest that CPU-XT-008 exhibits similar efficiency to CA-4 as a novel vascular targeting agent. Furthermore, due to the biocompatibility and molecular targeting properties exhibited by CPU-XT-008, further studies on this compound for the development of antitumor drugs are worthwhile.
